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Abstract 
Experimentally obtained energy characteristics of the muon flux during Forbush decreases registered by means of the muon 
hodoscope URAGAN at different phases of 23rd and 24th solar cycles are studied. To obtain the energy spectra of Forbush 
decrease amplitudes in the flux of the primary particles, coupling functions of the primary and the secondary cosmic ray fluxes 
for five zenith-angular intervals of the muon hodoscope URAGAN were used. It is shown that the energy characteristics of 
Forbush decreases, caused by heliospheric disturbances of different types, significantly differ on phases of maximum and 
minimum of the solar cycle. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Forbush decrease (FD) represents a sharp decrease in the intensity of cosmic rays (CR), caused by deviation of 
the charged particles by interplanetary magnetic field in homogeneities associated with the shock wave in the solar 
wind. FD is a shining example of the impact of solar activity on the CR and can serve as a good tool for the study of 
the processes occurring in the interplanetary space. Studies of the energy characteristics of Forbush decreases are 
mainly conducted via a network of neutron monitors with different geomagnetic rigidities, positioned at different 
points of the globe. The possibility to solve this problem by using a single installation is provided by the muon 
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hodoscope (MH) URAGAN [1], which has a wide aperture and a high angular resolution (~ 1q) and is able to detect 
muons at different zenith angles, enabling to conduct research in a wide range of primary particle energy (at 
energies above 10 GeV). Studies of the FD energy characteristics in the 24th solar cycle are relevant in connection 
with the unusually low solar activity during this period. 
In this work we investigate the temporal changes of the energy characteristics of the amplitude spectra of Forbush 
decreases obtained according to the muon hodoscope URAGAN data for different types of heliospheric disturbances 
during the period of 2007 – 2013, covering in part 23rd and 24th solar cycles. An earlier research method was tested 
by Yakovleva E.I. et al. [2]. 
2. Experimental data of the muon hodoscope URAGAN 
MH URAGAN design and data collection system allow measuring nearly continuous zenith-angular distribution 
of the muon flux at the Earth's surface with a sufficiently small sampling interval of time (1 minute). Fig. 1 shows 
the dependence of the number of registered events on the zenith angle, normalized to the total number of events for 
all zenith angles for the three supermodules (SMs) of the muon hodoscope URAGAN. As can be seen from the 
graph, the functions for all SMs are almost identical. Detector counting rate per interval of zenith angle increases to 
30° (although the flux is reduced, but the solid angle increases), and then decreases. 
For the analysis of the amplitude spectrum index of FD it is necessary to split the total range of zenith angles into 
several intervals. They must have approximately the same statistical reliability. Selected five zenith-angular intervals 
are [0° - 17°), [17° - 26°), [26° - 34°), [34° - 44°) and more than 44°. Corresponding areas are shown in Fig. 1 by the 
vertical lines and marked by the numbers. 
 
 
Fig. 1. The dependence of the SM URAGAN counting rate on zenith angle (ǻș = 1°). 
Fig. 2 shows the time dependence (2007 - 2013) of the integrated counting rate of three SMs for the five selected 
intervals of zenith angle. For the analysis of FD, muon flux data corrected for the barometric and temperature effects 
[3] are used. 
Fig. 3 shows an example of registration of FD in two extreme ranges of zenith angles, changing the counting rate 
in other three intervals lie between them. We see a good similarity of dependences for different angles, and the 
amplitude of FD with increasing zenith angle decreases, due to an increase in the effective energy of the primary 
particles. This enables to study the dependence of the amplitude drop of the detector counting rate during the FD on 
the primary particle energies. 
The sensitivity of the data obtained by the muon hodoscope to the index of the CR energy spectrum is explained 
by the fact that the primary particles with different effective energies are responsible for the production of muons 
recorded at different zenith angles. Thus, by selecting a few ranges of zenith angle and defining for them the 
appropriate energy of the primary protons and amplitudes of the Forbush decrease it is possible to estimate the slope 
of the energy spectrum of the counting rate reduction in the analyzed period. This paper analyzes the 10-minute data 
for integral counting rate and for the five selected ranges of zenith angles. From an analysis of the integral counting 
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rate of the muon hodoscope URAGAN for the period 2007 - 2013, 142 Forbush decreases with amplitudes 
exceeding daily variations (> 0.5%) were selected. 
 
 
Fig. 2. The SM URAGAN counting rate for five selected intervals of zenith angle during the period 2007 - 2013.  
 
Fig. 3. The counting rate of the muon hodoscope URAGAN during the FD on 24 October, 2011 in two extreme intervals of zenith angles.  
3. Method of calculating the effective energy of primary protons during Forbush decreases 
For analysis of the variations of the primary cosmic rays by ground-based detectors, the coupling functions that 
enables to compare the recorded variations of the counting rate of muons and changes in the intensity of cosmic rays 
at the top of the atmosphere are necessary. By means of the coupling functions it is possible to relate spectrum 
parameters and variations of cosmic rays recorded on the Earth surface. 
Knowing the collection function P(E, T) which determines the number of muons entering the unit aperture of the 
detector from the primary particle with energy E, and assuming that the decrease in the flux of PCR during the 
Forbush effect looks as ǻJp/Jp = R–J (here R is the rigidity of the primary particle) [4], we can calculate the response 
function G(E, T) which gives the dependence of the counting rate of the detector on the energy of primary particles 
at an angle T, and determine the energy of the primary particles which contribute to the reduction of the counting 
rate of the detector (see Fig. 4). By means of the response function of the detector to the decrease in the intensity of 
primary cosmic ray flux, we can calculate their average Eav, the mean log Eln and median ȿ0.5 energy as well as the 
lower ȿ0.05 and upper ȿ0.95 limits of range to which the muon hodoscope URAGAN is sensitive in the integral 
counting rate, and several zenith-angular intervals. 
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Calculations for the muon hodoscope URAGAN were made by Yakovleva E.I. et al. [5]. In calculating, the value 
of J was assumed equal to 1. The calculated values of the effective energies are given in Table 1. They are used in 
the analysis of different events and phenomena recorded by means of the hodoscope [6-8]. 
 
 
Fig. 4. Example of calculating the response function for the FD: 1  collection function P(E, T); 2  spectrum of primary cosmic rays; 3  
response function G(E, T). 
Table 1. Effective energies of primary particles responsible for the change of the muon flux at different zenith angles during FD 
recorded by muon hodoscope URAGAN. 
Zenith 
angle 
intervals, q 
The lower limit 
of sensitivity 
E0.05, GeV 
Median energy 
E0.5, GeV 
The mean log 
energy ȿln, GeV 
The average 
energy Eav, GeV 
The upper limit 
of sensitivity 
E0.95, GeV 
0 - 17 4.99 13.55 14.68 16.05 51.05 
17 - 26 5.20 14.33 15.50 16.93 53.13 
26 - 34 5.87 16.19 17.51 18.96 56.38 
34 - 44 6.69 18.36 19.74 21.22 59.36 
> 44 8.58 24.13 25.32 26.88 65.72 
 
The table shows that the muon hodoscope URAGAN during the Forbush decreases is sensitive to the energy of 
the primary particles of about 5 to 65 GeV, and five zenith-angular intervals (0q - 17q, 17q - 26q, 26q - 34q, 34q - 44q 
and above 44q) correspond to the mean log primary proton energy range from 14 to 25 GeV. 
4. Method of the analysis of temporal changes in the amplitude spectra of Forbush decreases 
Analysis of the energy characteristics is based on the dependence of amplitude of the decrease in the intensity of 
CR muons on the mean log energy of the primary particles for five zenith-angular intervals. These relations were 
fitted by a power function ED. Fig. 5 shows two examples of the dependence of the FD amplitudes on the mean log 
energies. 
The developed method of investigating the dependence of the amplitude of the FD on the energy of primary 
protons allows to explore the energy characteristics of the FD by means of a single installation in a unified approach 
and to compare the analyzed events. 
Minute time resolution of the muon hodoscope URAGAN allows to investigate the dynamics of the amplitude 
spectrum index at different moments. To do this, the index D of the energy spectrum of FD was calculated with 
some step (that cannot be smaller than the step of the used data) [8]. The amplitudes obtained for various zenith-
angular intervals, and correspondingly for different mean log energy of the primary particles, give possibility to 
determine the values of index of the amplitudes of the energy spectrum at different time intervals during and after 
the FD. 
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Fig. 5. Examples of the dependence of FD amplitudes on the mean log primary particle energy. 
Fig. 6 shows the MH URAGAN counting rate and temporal changes in the spectral index of the amplitudes for 
several Forbush decreases. The figures show that there is no similarity in the behavior of the counting rate and the 
the amplitude spectrum index, that is, these values are independent. Increase errors in the growth stage of the 
counting rate due to the uncertainty in the fitting of the amplitude of the drop from energy of the primary particles in 
the case in one of intervals of the angle (usually the fifth), the amplitude is close to zero. 
 
 
Fig. 6. Dynamics of the MH URAGAN counting rate and the spectral index of the amplitudes for the FD on 2 April 2010, 24 October 2011 and 
15 May 2013 (top to bottom). 
5. The energy characteristics of Forbush decreases for different types of heliospheric disturbances 
For each Forbush decrease the disturbances in the heliosphere which could cause it were examined. All 
heliospheric disturbances were divided into several types according to the classification by Yermolaev Yu.I. et al. 
[9]: "coronal mass ejection" (CME), "coronal mass ejection shock wave" (CME_IS) and "magnetic cloud" (MC). 
For the analysis, a fairly large period of time (7 years) was used. It keeps more than half of the solar cycle. Analyzed 
time interval includes various solar cycle phases: the recession phase of 23rd solar cycle, and phases of the minimum 
and the maximum of the 24th solar cycle. For the analysis of the energy characteristics, 115 events (from 142 
Forbush decreases) have been selected where the parameters of the interplanetary magnetic field (B, Bz) are well 
separated. For the remaining 27 FD, it was difficult to bind to a specific heliospheric event. 
Fig. 7 shows the distribution of values of the index of amplitudes for the 115 FD. Importantly, the average value 
is changed slightly and is about1.07, the rms-deviation decreased to 1.36. Such a large dispersion indicates the 
variety of FD events. 
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Fig. 7. Distribution of estimates of the amplitude spectrum index calculated for 115 FD. 
The normalized distributions of the amplitude spectrum index for the 115 FD, depending on the type of the 
heliospheric disturbances are shown in Fig. 8. The weighted average values are respectively for CME -1.00 ± 1.24, 
for the CME with a shock wave -0.78 ± 1.00, for the MC -1.13 ± 1.12. It can be seen that the mean values of Į for 
the groups of FD caused by CME and MC are different, but a high dispersion of these quantities should be noted, 
which can be related to the fact that the disturbances belong to different phases of the solar cycle. 
 
 
Fig. 8. Normalized distributions of estimates of the amplitude spectrum index for 115 FD, depending on the type of disturbances, "CME" (CME), 
"the CME shock wave" (CME_IS) and "magnetic cloud" (MC). 
Fig. 8 shows that it is very difficult to distinguish the type of the disturbance by the index of the energy spectrum. 
Therefore, an analysis of the events recorded in the different phases of the solar cycle was performed. 
The period from 29 December 2008 to 22 January 2009 falls into the minimum of solar activity, when there was 
a small amount of heliospheric events, and they are well separated (Fig. 9). 
Fig. 9 shows the time changes in the magnetic induction vector of the interplanetary magnetic field and its 
projection on the Z-axis (on top, left scale), as well as the time changes in the index D (on bottom, right scale) for a 
sufficiently long period of time (25 days). In this period, there were four events, two MCs (31 December 2008 and 
19 January 2009), and two CMEs (January 9 and 14 January 2009). Mean values of the amplitude spectrum index 
for coronal mass ejections are: -0.41 r 0.27 and 0.55 r 0.28, and for magnetic clouds: -0.29 r 0.47 and 
0.23 r 0.13. It can be seen from the absolute values of D that events interpreted as "magnetic clouds" have a harder 
spectrum than coronal mass ejections. 
The second period falls into a maximum of solar activity from 6 to 12 March 2012 (Fig. 10) in which there were 
two events: the CME with a shock wave (from 6 to 8 March) and MC (from 8 to 9 March). For the CME with a 
shock wave, the amplitude spectrum index has large variations from 0 to 2, while for the MC the index behaves 
more stable with mean -1.13 ± 0.21. Average value of the amplitude spectrum index for the CME with a shock wave 
is -0.90  ± 0.72. 
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Fig. 9. Temporal changes in B and Bz, and the index D of the spectrum of amplitudes in the period from 29 December 2008 to 22 January 2009. 
 
Fig. 10. Temporal changes in B and Bz, and the index D of the energy spectrum in the period from 6 to 12 March 2012. 
Thus, the amplitude spectrum index for the two types of disturbances in 2009 in absolute value is less than in 
2012. In solar minimum (2009), they are equal for the CME: -0.41 r 0.27 and 0.55 r 0.28, for the MC: 0.29 r 0.47 
and 0.23 r 0.13. In the maximum of solar activity (2012) for the CME with a shock wave: -0.90 ± 0.72, for the 
MC: -1.13 ± 0.21. A significant difference between the amplitude spectrum index of FD caused by heliospheric 
disturbances of the same type on the phases of maximum and of minimum of solar activity can be seen. In addition, 
it is worth noting that each event is unique in itself, and values of the amplitude spectrum index are different. 
 
 
Fig. 11. Time series of the sunspots number (top) and average amplitude spectrum indexDof FD registered by MH URAGAN for 2007-2013, 
which are caused by the heliospheric disturbances interpreted as "magnetic cloud" (below). 
 E.I. Yakovleva et al. /  Physics Procedia  74 ( 2015 )  470 – 477 477
Fig. 11 shows on top the dependence of the sunspots number during the studied period (2007 - 2013), at the 
bottom - the time series of the average values of the index of the spectrum of Forbush decreases caused by the 
heliospheric disturbances interpreted as "magnetic cloud". It can be seen that, unlike at the minimum of solar 
activity, at the maximum the averages of the amplitude spectrum indexare significantly higher in absolute value. The 
results obtained in this study confirm the results of studies of preceding solar cycles [10, 11]. Though the 24th solar 
cycle agrees with the previous cycles in general dynamics of the behavior of the Forbush decrease spectral index 
amplitudes, it worth noting that in the current solar cycle the energy spectra of Forbush decreases are steeper than in 
preceding solar cycles. 
6. Conclusion 
Studies of temporal changes of amplitude spectra of Forbush decreases registered by the muon hodoscope 
URAGAN in 2007 - 2013 showed no obvious differences in the average value of the amplitude spectra of FD for the 
three types of heliospheric disturbances over a long period of time. It is shown however that the characteristics of 
Forbush decreases caused by the heliospheric disturbances of the same type differ significantly on the phases of the 
maximum and the minimum of the solar cycle. For the maximum of solar activity, the averages of the amplitude 
spectrum index are much higher in absolute value than for the minimum. For minimum and maximum of the 24th 
solar cycle, such analysis was conducted for the first time by means of the single installation. It is relevant in 
connection with the unusually low solar activity during this period. 
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